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Abstract 
Increasing CO2 concentration in exhaust gas is a potentially effective method to reduce the high electrical efficiency 
penalty caused by chemical absorption. By varying the exhaust gas recirculation (EGR) ratio, the exhaust gas mass 
flow and CO2 concentration fed to the chemical absorption unit change. The impacts of EGR applied to a combined 
gas turbine cycle were investigated quantitatively on the energy demand of MEA-based chemical absorption. 
Simulations show that compared to a combined cycle without EGR, a recircualtion ratio of 50% could increase CO2
concentration from 3.8mol% to 7.9mol% and reduce the mass flow of the absorber feed stream by 51.0%. 
Correspondingly, the total thermal energy consumption of the reboiler is reduced by 8.1%. From the aspect of 
electrical efficiency, the optimized EGR ratio is about 50%, which can increase the overall efficiency by 0.4 
percentage point of NG LHV, compared to the system without EGR. In addition, EGR reduces the O2 concentration 
in exhaust gas. On one hand, the low oxygen concentration may have negative effects on combustion stability and 
completeness, which can be offset by oxygen enrichment or novel combustor configuration; but on the other hand, it 
may result in positive effects on the reductions of NOx emission and amine degradation.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Background 
CO2 capture and storage (CCS) is one of the most important technologies for the CO2 emission mitigation. In 
particular, the electricity sector, with large point sources of CO2, offers opportunities to apply CCS at a large scale. 
So far, the main barriers concerning the applications of CCS are high electrical efficiency penalty and high CO2
avoidance cost. Therefore, the integration of novel power generation cycles and variable CO2 capture technologies is 
an essential topic to bring CO2 capture technologies closer to realization. 
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Application of exhaust gas recirculation (EGR) has various implications, such as lower exhaust mass flow and 
higher CO2 concentration in the exhaust gas. The topic has been discussed qualitatively and a common conclusion is 
that EGR may improve the performance of a power generation system integrated with chemical absorption CO2
capture technology [1, 2]. Peeters et al. [3] predicted the potential future performance of post-combustion CO2
absorption in combination with an NGCC. In this study, EGR was considered as an important technology which can 
reduce energy penalty of CO2 capture, improve the net cycle efficiency and lower capital cost, cost of electricity 
(COE) and CO2 avoidance cost in the short, medium and long terms. 
However, how EGR impacts on the system performance still remains unclear because few quantitative analyses 
are available. This paper investigated the impacts of EGR on the energy efficiency quantitatively, and on the 
combustion and turbo-machinery by simulating a natural gas combined cycle (NGCC) integrated with MEA 
chemical absorption technology in PRO/II [4]. 
2. Impacts of CO2 concentration on the energy demand of chemical absorption 
Currently, the technology of reactive absorption by amines, e.g. monoethanolamine (MEA), 
methyldiethanolamine (MDEA), has been commercialized [5-8]. Such a process takes advantage of CO2 chemical 
absorption which enhances absorption rates and hence can be used with relatively low CO2 partial pressure in 
exhaust gases. The main disadvantages of chemical absorption arise from high amount of thermal energy needed to 
regenerate the solvent and extract the CO2, problems with corrosion and with solvent degradation. 
For MEA-based chemical absorption CO2 capture technology, the efficiency penalty is mainly caused by the 
reboiler duty of the stripping column. The relationship between the specific reboiler duty (Q) and CO2 concentration 
were investigated by simulating the chemical absorption process with ProTreat [9]. Results were illustrated in Figure 
1.  
0 5 10 15 20 25 30
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
S
p
ec
if
ic
 r
eb
o
il
er
 d
u
ty
 (
M
J/
k
g
 C
O
2
)
CO
2
 concentration of flue gas (mol%)
MEA (30wt%)
Loading 0.25
Stripper pressure 1.8 bar
CO
2
 capture ratio 90%
Simulation tool: ProTreat
Figure 1 Energy demand of stripper at different feed CO2 concentrations 
An interesting observation is that for CO2 concentration increase from 1 to 6 mol%, the specific reboiler duty 
decreases considerably, from 7.5 to 3.76 MJ/kg CO2. The energy demand continues to drop, but mildly until the CO2
concentration reaches about 12 mol%. Above this level the energy demand increases slightly. The drop of energy 
demand with increasing CO2 concentration is mainly caused by the higher CO2 partial pressure, which increases 
driving forces and hence favours the capture reaction. The slightly increased specific reboiler duty after 12mol% 
CO2 concentration is due to the reduced absorber performance inflicted by increasing temperature in the absorber 
(up to 90°C). Absorption heat is counteracted with water vaporization and at higher CO2 concentrations and less 
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water vaporizes due to smaller gas-to-liquid ratios. Hence, the absorber performance declines due to less driving 
force in the column at higher temperatures, even though the partial pressure of CO2 was substantially higher. 
By correlating the calculated results, the following equation is used to predict the energy demand at different feed 
CO2 concentration: 
2)/(1432.2/0383.20154.03162.3
222 COCOCO
yyyQ   (MJ/kg CO2) (1) 
where yCO2 is CO2 concentration in percentage (
2CO
y mol%). 
3. Impacts of EGR on combined cycle 
Exhaust gas recirculation provides an option for increasing CO2 concentration in the CO2 chemical absorption 
feed and reducing the volume flow at the same time. A system scheme of the gas turbine cycle integrated with EGR 
and chemical absorption is shown in Figure 2, together with the key input parameters for the simulations. After 
passing through the bottoming cycle, a partial stream of the exhaust gas is extracted downstream the exhaust gas 
condenser, and mixed with the inlet air upstream the compressor. In the present study, EGR ratio is defined as:  
oncondensatiaftergasexhaustofflowolume
gasexhaustedrecirculatofflowolumeEGR
v
v

(2) 
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Figure 2 Scheme of a combined cycle integrated with EGR and amine-based CO2 chemical absorption 
Based on simulation results, Figure 3 shows the CO2 concentration and the mass flow of the exhaust gas entering 
the absorption column at different recirculation ratios. As can be observed, CO2 concentration increases while the 
mass flow decreases significantly with increasing EGR ratio. Compared to a combined cycle without EGR, a 
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recircualtion ratio of 50% could increase CO2 concentration from 3.8mol% to 7.8mol% and reduce the mass flow of 
the absorber feed stream by 51.0%. These effects may have advantageous effects on amine-based CO2 capture: the 
total thermal energy consumption of the reboiler is reduced by 8.1% (Figure 5); moreover, the reduction of mass 
flow may allow for smaller sizes of absorption and stripper columns, which will contribute to reduced capital cost. 
According to Røkke et al. [1], an EGR ratio of 50% could reduce CAPEX of an amine plant by 21.1%.  
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Figure 3 CO2 concentration and mass flow of the exhaust gas going into absorber at different EGR ratios 
In order to ensure a complete combustion, in this study it is assumed that the minimum allowed excess O2
fraction is 3mol% [10]. This figure is taken from conventional boiler use which ensures complete combustion of the 
fuel; however, gas turbine combustors have other constraints in terms of geometrical design configuration and 
aerodynamic cooling, which may make the combustor subject to substantial redesign. Figure 4 shows the O2
concentration at the combustor outlet. As can be observed, CO2 concentration increases while O2 concentration 
decreases along with the increase of EGR. Therefore, from Figure 4, O2-enriched air is required instead of normal 
air for an EGR ratio higher than 55%. In this paper, 99mol% O2 is used and the specific energy consumption of the 
air separation unit (ASU) is assumed to be 0.89 MJ/kg [11]. 
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Figure 4 Excess O2 concentrations at different EGR ratio 
With oxygen enrichment, the EGR ratio could principally be increased further. Figure 5 shows the calculated 
CO2 concentrations in exhaust gas and the corresponding energy demand of chemical absorption at EGR up to 75%. 
When EGR ratio is higher than 65%, CO2 concentration in exhaust gas will exceed 12 mol%, and correspondingly, 
the energy demand will increase, referring to Figure 1 and Equ. 1. 
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Figure 5 CO2 concentrations in exhaust gas and the corresponding specific reboiler duty at different EGR ratio 
The electrical efficiency and the efficiency penalty caused by CO2 capture are shown in Figure 6 for different 
EGR ratios. It is clear that along with the increase of EGR ratio the electrical efficiency rises while the efficiency 
penalty decreases, as CO2 concentration is increased and the energy demand of chemical absorption is reduced. The 
maximum efficiency and the minimum penalty appear around EGR=50%. Beyond this point, since O2 enrichment is 
required to satisfy combustion, the additional energy consumption of O2 production would decrease the efficiency 
and increase the penalty sharply. Above EGR=65% the increase in specific reboiler duty further increases the 
efficiency penalty. 
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Figure 6 Electrical efficiency and efficiency penalty at different EGR ratio 
4. Discussions
With EGR, exhaust gas is partially replacing air as combustor temperature moderator. Because exhaust gas has 
different compositions and properties compared to air, several technical problems may arise, such as flame 
extinction, onset of thermo-acoustic instability, non-complete combustion, and alteration of the heat transfer 
distribution.  
From the viewpoint of combustion, it is also of importance to control oxygen concentration at the flame 
anchoring region, rather than a global concentration at the exhaust gas station. In general, the presence of EGR 
always leads to low oxygen concentrations. For example, compared to a cycle without EGR, an EGR ratio of 55% 
would decrease the O2 concentration at the combustor inlet from 21mol% to ca. 11mol%. In such a vitiated air, 
severe problems are prone to occur regarding combustion stability, efficiency and emission, particularly in gas 
turbine combustors that are characterized by high velocity and low residence time. Elkady et al. [12] studied the 
behaviour of combustion in a 10 bar Dry Low NOx (DLN) combustor with 35% EGR. This combustor was proposed 
for the plant design in order to avoid potentially challenging gas turbine operating regimes with respect to 
combustion. The results indicated that low oxygen concentration could ‘reduce the reaction rates, allow for 
combustion to spread over a large region and reduce the peak flame temperature, which is not in favour of the 
oxidation of CO to CO2; on the contrary, reduction in oxygen levels combined with supplementary CO2 in the 
oxidizer leads to changes in the heat release process via CO2 dissociation’. Ditaranto et al. [13] experimentally 
studied the effect of O2 vitiation in an atmospheric laboratory scale set up. Results showed that even though the 
flame could be sustained at O2 concentration as low as 14mol% in the oxidizer, the levels of unburned hydrocarbons 
and CO were excessively high when the O2 concentration reached 16mol%. According to the limit of 16mol%, 
Figure 7, which shows the O2 concentration after mixing with EGR, indicates that an EGR ratio exceeding 35% 
could be difficult to achieve for the combustor. This limit can, however, be pushed further by technical adaptation of 
the engine and combustor arrangement that would allow for additional O2 injection or different feed-stream 
distribution. For example, as also shown in Figure 7, if fuel is burned in the air without mixing with recirulated 
exhaust gas, O2 concentration could be maintained at a level above 18mol%. Therefore, if in the combustor, fuel 
could be ignited in air first and then blended with recirulated exhaust gas, a higher EGR ratio, such as 50%, could be 
applied, without disturbing combustion stability. 
1416 H. Li et al. / Energy Procedia 4 (2011) 1411–1418
 Author name / Energy Procedia 00 (2010) 000–000 7
0 10 20 30 40 50 60
8
10
12
14
16
18
20
EGR ratio (%)
Pressure ratio of gas turbine: 20
Turbine inlet temperature: 1250
o
C
O
2
 c
o
n
ce
n
tr
at
io
n
 (
m
o
l%
)
 Air O
2
 concentration, after mixed with EGR
 Air O
2
 concentration, before mixed with EGR
Figure 7 O2 concentrations before/after mixing with EGR at different EGR ratios 
Complete and stable combustion is generally optimal at high oxygen concentrations. However, the oxygen 
decrease could bring other advantages. As the NOx formation is dependent on the oxygen concentration as well as 
the flame temperature, reducing the oxygen concentration in the combustion air may be advantageous with respect 
to formation of NOx. Meanwhile, when exhaust gas is recycled, minor species as NOx or CO are also re-introduced 
into the combustion zone which tends to reduce their concentrations through, for example, the NO reburning 
mechanism [13]. Also according to the results of Elkady et al. [12], ‘NOx emissions decrease with increasing EGR 
levels by more than 50% with 35% EGR’. In addition, for a chemical absorption process, the presence of oxygen 
could cause degradation of amines, and the by-products of which could lead to corrosion problems. Hence, EGR 
could also minimize the need for chemical inhibitors or process modification involving deoxidation of the CO2-rich 
amine [14]. 
EGR can vary the gas turbine inlet mass/volume flows, which decrease with increasing EGR ratio. The decrease 
of gas turbine inlet mass flow can be explained as following: the recirculated exhaust gas has a higher temperature 
than ambient air; because the combustion temperature has been assumed as a constant, a smaller mass flow is 
required when some of the colder air is replaced by the hotter exhaust gas. EGR has larger impacts on volume flow 
because CO2 has a higher molecular weight than oxygen; exhaust gas has a higher density than air. However, an 
EGR ratio of 50% reduces the mass flow only by 1.04wt% and correspondingly the volume flow by 1.61vol%. 
Hence, for gas turbines and compressors, it is likely that the aerodynamics and thermodynamic changes due to the 
changes in composition and mass/volume flow of the working fluid could be handled without modifications. 
5. Conclusions 
EGR enables the increase of the CO2 concentration in exhaust gas. Compared to a cycle without EGR, a 
recircualtion ratio of 50% could increase CO2 concentration from 3.8mol% to 7.9mol% and reduce the mass flow of 
the absorber feed stream by 51.0%. As a result, the total thermal energy consumption of amine-based CO2 capture is 
reduced by 8.1%. However, the energy demand of chemical absorption is not strictly reduced with increasing CO2
concentration. According to the simulations carried out in this work, the optimized EGR ratio is about 50% from the 
aspect of electrical efficiency, which can increase the overall efficiency by 0.4 percentage point (from 50.1% to 
50.5%) of NG LHV compared to the system without EGR.  
In addition, with increased CO2 concentration, the mass flow of exhaust gas fed to chemical absorption columns 
will drop. This could result in smaller sizes of absorber and stripper, which will further reduce CAPEX. 
Furthermore, EGR reduces the O2 concentration in exhaust gas. On one hand, it may cause negative effects on 
combustion stability and complete combustion; on the other hand, it may favour the reductions of NOx emission and 
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amine degradation. In order to further raise EGR ratio, technical adaptation of the engine and combustor 
arrangement that would allow for additional O2 injection or different feed-stream distribution is required. 
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